Background: Viral-induced asthma exacerbations, which exhibit both Th1-type neutrophilia and Th2-type inflammation, associate with secretion of Interleukin (IL)-1β. IL-1β induces neutrophilic inflammation. It may also increase Th2-type cytokine expression. We hypothesised that IL-1β is causally involved in both Th1 and Th2 features of asthma exacerbations. This hypothesis is tested in our mouse model of viral stimulus-induced asthma exacerbation.
Background
Asthma exacerbation is episodic worsening of the asthma symptoms in patients with already on-going chronic inflammation. The frequency of exacerbations is associated with disease severity and may be a factor in aggravation of the basic respiratory disease [1] . Rhinovirus has been suggested a major cause of asthma exacerbations [2] which comprise a major patient burden. The link between asthma exacerbations and respiratory viral infection has been known for many years [3] , but causative molecular mechanisms of asthma exacerbations are still not fully understood. Potential mechanisms have been suggested including exaggerated cytokine expression producing Th2-and Th1-type airway inflammation [4, 5] .
Using mouse models of ovalbumin (OVA)-and house dust mite (HDM)-provoked asthma, with added challenges involving rhinovirus or its infection intermediate, dsRNA, we have previously produced experimental asthma exacerbations involving human asthma-like mixed granulocyte inflammation [6, 7] . Further, our in vivo exacerbation model involving dsRNA, similar to viral induced exacerbation in asthmatic patients [5] , was associated with significant cell necrosis determined as increased bronchoalveolar lavage (BAL) fluid levels of lactate dehydrogenase (LDH) [6, 7] . We also observed that major Th2-upstream cytokines such as thymic stromal lymphopoietin (TSLP) and IL-33 were induced at exacerbation [6] . Interestingly, we demonstrated significant up-regulation of IL-1β in our asthma exacerbation model [6] .
IL-1β has recently been discussed in severe asthma [8] and in relation to exacerbations of chronic obstructive pulmonary disease (COPD) and asthma [9] . The possible role of IL-1β in rhinovirus-induced exacerbations is supported by a chain of mechanisms involving pattern recognition receptors (PRRs). The infection activates PRRs to increase expression of pro-IL-1β that will be transformed into mature and active form of IL-1β by the inflammasome named nod-like receptor family pyrin domain containing-3 (NLRP3) [10, 11] . NLRP3 is reportedly increased in neutrophilic asthma [10, 12] . IL-1β is a well-recognised inducer of neutrophilia potentially contributing to the pronounced neutrophilic lung inflammation that occurs both in the human disease [13] and in animal exacerbation models [6, 7, 12] . A demonstration in human nasal fibroblasts suggested that IL-1β may increase TSLP and IL-33 gene expression and protein [14] . Little is known about the involvement of IL-1β in Th2-upstream cytokine expression at exacerbation of asthma.
We hypothesised that features of asthma exacerbation such as neutrophilic inflammation and Th2-upstream cytokines are dependent on IL-1β signalling. To test this hypothesis we have employed our HDM-based model of viral stimulus-induced exacerbation in both wild-type (WT) mice and in mice lacking IL-1β [6] . We demonstrate that inflammatory features of exacerbation involving expression of common neutrophilic cytokines as well as a major Th2-upstream cytokine depend on IL-1β signalling.
Methods

Animals and ethical approval
Experiments were approved by the Malmö/Lund Animal Experimental Ethics Committee at the Lund District Court in Sweden (permit no. M36-13). Eight to ten weeks old male C57BL/6 and IL-1β deficient (IL-1β −/− ) mice with the same background were used in the study, breed and housed in Lund [15] . (The IL-1β gene expression was analysed to confirm the knockdown of IL-1β, Additional file 1: Figure S1 .) Mice had free access to food and water during the experimental period.
Experimental study design
To study asthma exacerbation we first performed allergen challenges with HDM inducing allergic airway inflammation using an experimental protocol previously published [6] . Briefly, the mice were challenged intranasally (i.n.) every other day during 3 weeks, with 25μg of HDM Dermatophagoides pteronyssinus (GREER, Lenoir, USA) or saline as control (Fig. 1) . Subsequently, dsRNA challenges (100ug) using Poly(I:C) (polyinosine-polycytidylic acid) (InvivoGen, San Diego, CA, USA), mimicking a rhinoviral infection or saline (control) was administered i.n. for three consecutive days, to induce asthma exacerbation The experiment was terminated after the exacerbation phase (day 24). To see if lack of IL-1β altered the baseline allergic exudative inflammation that is present promptly after HDM exposure, some experiments were terminated after HDM exposure alone (Fig. 1) . BAL was performed followed by dissection of the lungs as previously described [6, 7] . Different lung lobes were snap frozen in liquid nitrogen or perfused with-and stored in the fixative 4% formaldehyde.
Bronchoalveolar lavage (BAL)
By performing a tracheostomy and connecting a tube to the trachea, lungs were rinsed by Saline and the solution was then collected in a tube and kept cold before processed. BAL fluid (BALF) was then spun down and supernatant was separated from cells by centrifugation, then stored in − 80°C until use. The cell pellet was further processed, re-suspended in PBS and total cell count was measured using an automatic cell counter as previously described [7] . Cells were cytospin-centrifuged onto microscopic slides, stained with May-Grünwald and Giemsa and differentially counted. A total of 400 cells per slide were counted blindly and presented as percentage ratios containing macrophages/monocytes, lymphocytes, neutrophils or eosinophils. The BALF supernatant was used to analyse total protein concentration with bicinchoninic acid (BCA) assay kit (Pierce® BCA Protein Assay Kit detection, Fischer Scientific AB, Sweden), and also ELISA analysis was performed to determine the protein concentration of the cytokine CXCL1/KC (R&D Systems, UK) according to the manufacturer's instructions, using standard curve based concentration determination. The detection limit for the total protein BCA assay was in the range of 5-2000 μg/mL and the CXCL1/KC ELISA kit had a detection limit in the range of 15.60-1000 pg/mL.
Lung histology and homogenates
Paraffin embedded lung tissue was sectioned into 4 μm thick sections and stained with Haematoxylin & Eosin (H&E) to investigate general lung inflammation. Additionally, immunohistochemistry was performed. Lung tissue sections were firstly blocked using 5% serum, following overnight incubation at 4°C with primary goat antimouse IL-33 antibody (R&D Systems, UK) or antibodies for detecting neutrophils (NIMP-R14; Abcam, Cambridge, UK). The sections were then rinsed and incubated with secondary anti-goat IgG antibody (R&D Systems, UK) for the IL-33 staining while neutrophil stained sections were incubated using biotinylated secondary antibodies (ABC Vectastain; Vector Laboratories, Burlingame, CA, USA). Both IL-33 and neutrophil stained sections were visualised with 3,3-diaminobenzidine (DAB, Vectastain, Vector Laboratories, USA) and followed by a Haematoxylin counterstain. Tissue sections were scanned with ScanScope (Aperio Technologies, USA) using software Aperio ScanScopeTM and representative photos were presented. Tissue staining for both neutrophils and IL-33 was quantified using the software ImageScope where positive staining (signal) was assessed by algorithms within the program set to detect brown staining and express the signal as weak positive, positive or strong positive. Only the strong positive signal was quantified and presented as "positivity of signal/mm 2 tissue area" as relative to control sample group (WT mice, HDM/Saline group).
Quantification of gene expression using RT-qPCR
The frozen lung lobes were homogenised using OmniPrep Rotor (Omni International, USA) with lysis buffer supplied within the RNA extraction kit RNA II (Nucleospin® RNA II kit, Machery-Nagel, Germany). RNA was extracted and 2 μg of total RNA was reverse transcribed using kit from PrimerDesign (PrimerDesign, UK). Subsequently, PCR products were detected after performed thermocycling on a sequence detection system (Stratagene, M × 3000P, La Jolla, CA, USA), and genes of interest were calculated in relation to the reference gene 18S (PrimerDesign, UK) using the ΔΔCt method [16] as previously performed [7] . The primer sequences are shown in table ' Additional file 2: Table S1 ' , as supplementary data, for the following genes; Muc5ac, CXCL1, CCL5, IL-25, IL-1β and CCL11 (from Qiagen Sciences Inc., USA) and TNF-α, TSLP, IL-33 and CCL2 (from PrimerDesign, UK).
Statistical analysis
Data are expressed as mean values and SEM, and all data were analysed using non-parametric tests using the software GraphPadPrism (version 7.03 GraphPad Software, San Diego California USA, www.graphpad.com). One-way ANOVA with multiple comparison test was used when comparing more than two groups. The two-tailed MannWhitney test was used to compare variance between groups. P-values of less than 0.05 were considered statistically significant. Comparison between WT vs. KO groups with the same stimuli were indicated with the symbol * when significant difference occurred. Comparing stimuli to control group was indicated with the symbol # when significant difference occurred.
Results
IL-1β
−/− mice exhibited reduced lung inflammation compared to WT mice at dsRNA-induced exacerbation
Total protein concentration in BALF, likely reflecting plasma exudation [17] , was increased at exacerbation in WT mice (p < 0.01) compared to WT control (HDM/ Saline) group while the IL-1β −/− mice showed a trend towards lower levels of total proteins at exacerbations compared to WT mice (Fig. 2a) . HDM challenge alone increased immune cells and total protein in both WT and IL-1β −/− mice compared to respective saline controls (Additional file 3: Figure. S2a-b) . However, HDM challenge alone showed no difference in BALF total protein between WT and IL-1β −/− mice as determined just after HDM exposure (Additional file 3: Figure. S2B) or after three additional days of saline exposure (Fig. 2a) . Indeed, there was no tendency at all, that lack of IL-1β reduced protein and cell exudation evoked by HDM at peak responses (24 h post HDM) or at early resolution of HDM-induced inflammation (which equals to 3 days of saline treatment post HDM). Effects on BALF cells showed similar pattern to BALF total protein during exacerbation with increase in total BALF cells in the WT group (p < 0.05) but not in the IL-1β −/− mice (Fig. 2b ). There was increased percentage of lymphocytes and neutrophils in the BALF at exacerbation compared to HDM-Saline group for both WT and IL-1β −/− mice (Fig. 2c ). Beside weeks to induce experimental asthma in mice. Control mice received saline challenges for three weeks and both groups were terminated 72 h after the last challenge. In addition, four groups of mice continued the study and received saline control or dsRNA intranasally for three consecutive days to provoke exacerbation, in both WT and IL-1β −/− mice. The dsRNA stimulus is a synthetic molecule also known as Poly(I:C) and served as a mimic of rhinoviral replication. The experiment was terminated at day 24, 24 h after the last dsRNA stimulation immune cell activity and plasma exudation, hypersecretion of mucus is a general feature of acute asthma [13] . Also, cell culture studies have suggested a role of IL-1β in Muc5ac expression [18, 19] . Therefore, we analysed Muc5ac mRNA expression, which was significantly increased (p<0.05) at exacerbation in the WT mice compared to control. However, Muc5ac mRNA expression was not induced at exacerbation in the IL-1β −/− mice being significantly lower (p < 0.05) compared to WT mice (Fig. 2d) . Histological analysis showed increased lung inflammation at exacerbation in WT mice but less pronounced in IL-1β −/− mice (Fig. 2e) .
Tissue neutrophilia and neutrophil chemotactic cytokines were reduced in IL-1β −/− mice at exacerbation dsRNA administration on top of the HDM challenges (HDM/dsRNA) induced a significant increase in BALFand lung tissue neutrophils compared to the WT control; HDM/Saline group (Fig. 3a-c) . Although both WT and IL-1β −/− mice developed pulmonary neutrophilia at exacerbation, a trend towards lower BALF-and lung tissue neutrophil counts occurred in the IL-1β −/− mice compared to WT mice (Fig. 3a-c) . In accord, expression of neutrophil attractants was much more pronounced in WT than in IL-1β −/− mice ( Fig. 3d-g ). The main neutrophil chemotactic protein, CXCL1/KC was induced at exacerbation in WT mice to a greater extent than in IL-1β −/− mice, both at protein level (p < 0.01) and gene level (p<0.01), (Fig. 3d-e) .
TNF-α was not induced in WT and IL-1β
−/− mice whereas RANTES/CCL5, was increased at exacerbation to a greater extent in WT mice than in IL-1β −/− mice ( Fig. 3f-g ). In addition, the other immune cells analysed from BALF, and tissue gene expression of chemoattractants CCL2 (macrophage chemoattractant) and CCL11 (eosinophil chemoattractant) did not seem to differ between the WT and the IL-1β −/− mice at exacerbation (Additional file 4: Figure S3a -e). Compared to the saline controls allergen challenge alone only induced slight increase in neutrophil counts and this effect did not differ between WT and IL-1β −/− (Additional file 3: Figure 2c ). Lack of IL-1β was not associated with any reduction in neutrophil counts nor neutrophilic chemoattractants in animals receiving saline post HDM exposure (Fig. 3a-b) .
IL-33 was increased at exacerbation in the lung tissue of WT mice but not in IL-1β
−/− mice Expression of the Th2-upstream cytokines, IL-25, TSLP and IL-33, was assessed in lung tissue homogenates (Fig. 4a-c) . IL-25 gene expression was not elevated at exacerbation and did not seem to be affected by the knockdown of IL-1β (Fig. 4a) . The gene expression of TSLP (Fig. 4b ) and IL-33 (Fig. 4c) was induced in WT mice at exacerbation with a particularly significant increase seen with IL-33 (p < 0.01). By contrast, the expression was not altered in the IL-1β −/− mice (Fig. 4b-c) . We continued to analyse IL-33 protein in lung tissue sections visualised by immunohistochemistry staining technique. The relative amount of IL-33 protein present in the stained lung sections was significantly increased at exacerbation in the WT mice but unaltered in the IL-1β deficient group (Fig. 4d-e) . There was no tendency at all that lack of IL-1β brought any reduction in Th2-upstream cytokines in animals receiving saline post HDM exposure (Fig. 4) .
Discussion
The present study involved WT and IL-1β-deficient mice subject to HDM-induced experimental asthma with added viral stimulation-induced exacerbation. The experimental exacerbation of asthma exhibited IL-1β-dependent features of neutrophilic lung inflammation as well as Th2-upstream cytokines. Absence of IL-1β did not seem to affect the baseline HDM-induced allergic effects. These data are novel with respect to in vivo experimental asthma exacerbations and forward IL-1β as a potential target in viral infection-induced episodes of asthma that currently are not well treated.
Several aspects were considered for the choice of an in vivo exacerbation mouse model for exploring IL-1β-dependent responses. The basic allergic inflammation model of asthma should preferably involve a human asthma relevant allergen that produces lung eosinophilic inflammation without the need of an adjuvant. HDM extract has these features and is preferred over the commonly employed OVA, which is an allergen irrelevant for human asthma that may not produce inflammation without adjuvant. The rhinoviral stimulation method to produce exacerbation is not as obvious as the choice of allergen. Approaches have been employed using RV1B infection but using a baseline inflammation produced by OVA [20] . Studies employing HDM and RV1B infection have been carried out [19] , but as reported by Rochlitzer et al., no exacerbation could be detected [21] . As an alternative to rhinoviral infection, Poly(I:C) has been forwarded as an experimental challenge agent, which is a synthetic form of the dsRNA that is produced at rhinoviral replication and mimics biological effects of rhinovirus infection [22] . dsRNA is sensed by the PRRs Toll-like receptor 3 (TLR3) or the retinoic acid inducible gene-1-(RIG-I)-like receptors [23, 24] . Furthermore, dsRNA-challenges represent a given pathogen burden, which is desirable in studies comparing responses to viral stimulus-induced effects. Thus, dsRNA challenges produce robust responses independent of factors such as take rate that may cause variation in experiments involving actual infection. Synthetic dsRNA has also been successfully employed to produce exacerbation effects in mice with established HDM-induced pulmonary inflammation [25] . Thus, increased eosinophilic and neutrophilic inflammation was induced together with general signs of inflammation including increased BALF levels of LDH [6] , a typical feature of viral-induced human asthma exacerbations [5] . In addition, this study demonstrated effects consistent with the functional pathophysiology of exacerbations. Thus, our finding of increased expression of lung Muc5a agrees with mucus hypersecretion at asthma exacerbations [26] . We also confirmed our previous observation of increased total protein likely reflecting plasma exudation, which is a major sign of exacerbations in human asthma [17] . IL-1β, may not have been extensively studied in relation to exacerbations of asthma. However, human bronchial epithelial cells are known to produce IL-1β, in response to RV infection [27] . It has also been demonstrated that experimental RV infection of human nasal airways causes increased IL-1β, immune-reactivity associated with protein exudation and symptoms [28] . We demonstrated increased lung expression of IL-1β, mRNA at exacerbations in WT animals (this study) supporting its potential participation as pathogenic factor. In the present model, HDM alone did not increase IL-1β, above that of KO animals. Indeed, the general picture in this study is that IL-1β, is involved in the viral stimulus-induced exacerbation but not in the allergic responses to HDM.
A neutrophilic nature of viral induced asthma exacerbations is established [5, 13] . Lung neutrophilia is also a conspicuous feature of the present in vivo model. In human asthma sputum neutrophil elastase is increased at exacerbations and considered to be potentially involved in mucin hypersecretion [13] , a possibility that might apply to the present model. A major neutrophil chemokine, CXCL1 (both gene expression and protein production), was markedly increased at exacerbation in WT mice compared to the IL-1β deficient mice. Also, this decisive role of IL-1β in CXCL1 secretion was exclusively observed at exacerbation and not by allergen challenge alone. Mouse CXCL1 corresponds to human IL-8 that is increased in exacerbating asthmatic airways [13] . In addition, we recorded increased expression of other chemokines with known neutrophil attractant properties including RANTES/CCL5 [29] , in lungs of exacerbating WT animals but not in IL-1β-deficient mice. With the present size of test groups, the reduced chemotactic factors in KO animals were associated with effects on the neutrophilia of exacerbations that only bordered on significance. At exacerbation the KO animals thus tended to have reduced BALF neutrophilia (p = 0.06) whereas little anti-neutrophil effects were seen in lung tissue. Thus, further work is warranted to determine the degree of IL-1β, dependent neutrophilic inflammation at viral induced exacerbations including demonstrations of specific pathogenic roles of lung tissue and lumen neutrophils in this condition.
IL-1β-neutralising biologicals such as anakinra and canakinumab are available. However, little is known about their effects in human asthma beyond an early study indicating that anakinra may attenuate allergen challenge-induced late phase reaction [30] . Limited efficacy together with an increased risk for infections with such broadly active inhibitors may be a reason behind discontinued evaluation of these biologicals in different types of asthma. The present data do not support a role of IL-1β in allergic asthma since inflammatory effects of HDM alone were not reduced in IL-1β-deficient mice. By contrast, the present data suggested involvement of IL-1β, at viral induced asthma exacerbations. Currently, there is little information on any clinical effects of IL-1β active drugs on asthma exacerbations.
At exacerbation deficiency in IL-1β was associated with reduced features of neutrophilic inflammation as well as a tendency towards reduced induction of TSLP gene expression whereas IL-33 gene levels were significantly inhibited. These two cytokines have proposed upstream roles in viral induced exacerbation of asthma [4, 31] . The present demonstration of increased lung IL-33 gene expression and protein at viral stimulus-induced exacerbation in WT mice with HDM-induced asthma significantly extends our previous observation on IL-33 expression in this model [6] . A recent study, involving both experiments in patients and studies using cultured bronchial epithelial cells, has singled out IL-33 as a key mechanistic link between viral infection and exacerbations of asthma [4] . Hence, the present demonstration of inhibition of lung IL-33 expression along with a trend at reduced protein at exacerbation in IL-1β deficient mice may be important. There is interest in a role of IL-1β as inducer of IL-17 and IL-6 in asthma. However, since antagonising biologicals have failed to produce acceptable clinical effects, phenotypes or endotypes of asthma where these cytokines have significant roles have yet to be identified [32] . Based on the present data we suggest that IL-1β is a participating factor in viral induced asthma exacerbations but not in baseline allergic conditions. Indeed, our data suggest that by targeting IL-1β, both Th2 and neutrophilic components of asthma exacerbations may be reduced.
The present study is an exploratory in vivo approach and as such harbours a range of limitations. Several of our findings are novel findings. Even if statistically significant they need confirmation in future studies. This concerns unexpected observations of particular interest including potential roles of IL-1β, in Th2 aspects of viral induced exacerbations yet lack of a role in allergic mouse asthma. Human asthma exacerbations exhibit Th2 features. Hence, the present observations on possible involvement of upstream Th2 cytokines in exacerbations are of interest. However, we have not studied whether further Th2 cytokines are actually produced and what roles they may have. Our model of exacerbation has robust features, which have influenced the present design including the size of treatment groups. The intervention data that we now report provide additional information of importance for future approaches. Thus, extended groups seem required to learn whether effects, where we now see a trend, will prove to involve significant information. This latter limitation concerns involvement of IL-1β, in both the neutrophilic and the Th2 features of viral stimulus-induced exacerbations. Future studies are also warranted to validate our findings at exacerbations involving actual rhinoviral infection.
